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(57) ABSTRACT

A disk drive is disclosed comprising a disk comprising a
plurality of servo tracks defined by servo sectors recorded
around the circumference of the disk at a servo sampling
frequency, and a servo control system operable to actuate a
head over the disk by generating a control signal applied to an
actuator. A first sinusoid is injected into the servo control
system and a first DC component (dcl) is measured in the
control signal. A second sinusoid is injected into the servo
control system and a second DC component (dc2) is mea-
sured in the control signal, wherein the second sinusoid com-
prises a phase offset from the first sinusoid. A resonance mode
of'the servo control system is measured based on dc1 and dc2.

14 Claims, 5 Drawing Sheets
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1
DISK DRIVE MEASURING A RESONANCE
MODE BY INJECTING SINUSOIDS INTO A
SERVO CONTROL SYSTEM

BACKGROUND

Disk drives comprise a disk and a head connected to a distal
end of an actuator arm which is rotated about a pivot by a
voice coil motor (VCM) to position the head radially over the
disk. The disk comprises a plurality of radially spaced, con-
centric tracks for recording user data sectors and servo sec-
tors. The servo sectors comprise head positioning informa-
tion (e.g., a track address) which is read by the head and
processed by a servo control system to control the actuator
arm as it seeks from track to track.

FIG. 1 shows a prior art disk format 2 comprising a plural-
ity of servo tracks 4 defined by a number of servo sectors
6,-6,, wherein data tracks are defined relative to the servo
tracks 4. Fach servo sector 6, comprises a preamble 8 for
storing a periodic pattern, which allows proper gain adjust-
ment and timing synchronization of the read signal, and a
sync mark 10 for storing a special pattern used to symbol
synchronize to a servo data field 12. The servo data field 12
stores coarse head positioning information, such as a track
address, used to position the head over a target data track.
Each servo sector 6, further comprises groups of servo bursts
14 (e.g., A, B, C and D bursts), which comprise a number of
consecutive transitions recorded at precise intervals and oft-
sets with respect to a servo track centerline. The groups of
servo bursts 14 provide fine head position information used
for centerline tracking while accessing a data track during
write/read operations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a prior art disk format comprising a plurality
of servo tracks defined by servo sectors.

FIG. 2A shows a disk drive according to an embodiment of
the present invention comprising a head actuated over a disk
by a servo control system.

FIG. 2B is a flow diagram according to an embodiment of
the present invention for measuring a resonance mode of the
servo control system.

FIG. 3A shows a first sinusoid injected into the servo
control system according to an embodiment of the present
invention.

FIGS. 3B and 3C illustrate a first DC component of a
control signal generated by the servo control system in
response to the injected first sinusoid.

FIG. 4A shows a second sinusoid injected into the servo
control system according to an embodiment of the present
invention.

FIGS. 4B and 4C illustrate a second DC component of the
control signal generated by the servo control system in
response to the injected second sinusoid.

FIG. 5 is an equation for computing the amplitude of the
resonance mode of the servo control system according to an
embodiment of the present invention.

FIG. 6 is a flow diagram according to an embodiment of the
present invention for measuring the first and second DC com-
ponents of the control signal relative to a baseline DC com-
ponent.

DETAILED DESCRIPTION

FIG. 2A shows a disk drive according to an embodiment of
the present invention comprising a disk 16 comprising a plu-
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2

rality of servo tracks 18 defined by servo sectors 20,-20,,
recorded around the circumference of the disk 16 at a servo
sampling frequency. The disk drive further comprises an
actuator (e.g., a voice coil motor (VCM) 22) operable to
actuate a head 24 over the disk 16, and control circuitry 26
comprising a servo control system operable to generate a
control signal applied to the actuator. The control circuitry 26
executes the flow diagram of FIG. 2B, wherein a first sinusoid
is injected into the servo control system (block 28), and a first
DC component (dc1) is measured in the control signal (block
30). A second sinusoid is injected into the servo control sys-
tem (block 32), and a second DC component (dc2) is mea-
sured in the control signal (block 34), wherein the second
sinusoid comprises a phase offset from the first sinusoid. A
resonance mode of the servo control system is measured
based on dcl and de2 (block 36).

In the embodiment of FIG. 2A, the control circuitry 26
processes a read signal 38 emanating from the head 24 to
demodulate the servo sectors 20,-20,,and generate a position
error signal (PES) representing an error between the actual
position of the head and a target position relative to a target
track. The control circuitry 26 filters the PES using a suitable
compensation filter to generate a control signal 40 applied to
the VCM 22 which rotates an actuator arm 42 about a pivot in
order to actuate the head 24 radially over the disk in a direc-
tion that reduces the PES. The servo sectors 20,-20,, may
comprise any suitable position information, such as a track
address for coarse positioning and servo bursts for fine posi-
tioning. The servo bursts may comprise any suitable servo
burst pattern, such as an amplitude based servo burst pattern
(A,B,C,D quadrature pattern) shown in FIG. 1, or a phase
based servo burst pattern (N,Q servo bursts).

In another embodiment, the actuator for actuating the head
24 over the disk 16 may comprise a microactuator, such as a
piezoelectric (PZT) actuator. The microactuator may actuate
a suspension 44 relative to the actuator arm 42, or the micro-
actuator may actuate the head 24 relative to the suspension 44.

Regardless as to the type of actuator employed, the servo
control system may exhibit resonance modes at certain fre-
quencies which can amplify a corresponding disturbance
affecting the PES. When a resonance mode exists at the
sampling frequency of the servo sectors 20,-20,, the corre-
sponding sinusoidal disturbance in the PES will manifestas a
DC component in the control signal of the servo control
system. This is illustrated in FIG. 3B which shows how a
sinusoidal disturbance in the PES at the sampling frequency
of'the servo sectors 20,-20,, results in a DC component (do1)
in the PES. The compensator 46 in the feedback path of the
servo control system (FIG. 3A) typically comprises an inte-
grator which forces the DC component (dol)) in the PES
toward zero with a corresponding DC component in the con-
trol signal 48 applied to the actuator 50 as shown in FIG. 3C.
The DC component in the control signal 48 will equal the DC
gain (k) of the servo control system (the compensator 46)
multiplied by a magnitude of a DC component (dcl) such
that:

Id,, 1=kld,,|

Since the DC component (do1)) in the PES due to aresonance
mode at the servo sector sampling frequency is driven to zero
by the compensator 46 as shown in FIG. 3C, the PES cannot
be evaluated to measure this resonance mode.

In an embodiment of the present invention, the resonance
mode ofthe servo control system at the sampling frequency of
the servo sectors 20,-20,, is measured by evaluating the DC
component of the control signal 48 applied to the actuator 50
(FIG. 3A) while injecting first and second sinusoids. A first
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sinusoid 52 is injected into the servo control system having an
amplitude of A, and a frequency Fs substantially matching
the sampling frequency of the servo sectors 20,-20,. The
effect of the first sinusoid 52 will be a sinusoidal disturbance
in the PES having an amplitude of kA as shown in FIG.
3B, where k, represents the gain of the resonance mode. A
first DC component (dc1) in the control signal 48 is measured
which will have a magnitude of kdcl that drives the DC
component (do1)) inthe PES to zero as shown in FIG. 3C. The
magnitude of the first DC component (dcl) in the control
signal 38 will depend on the phase of the first sinusoid 52
relative to the phase of the servo sectors 20,-20,,. Since this
phase relationship is unknown, the magnitude A of the sinu-
soidal disturbance cannot be determined from the first DC
component (dcl) alone.

Therefore, a second sinusoid 54 is injected into the servo
control system as shown in FIG. 4A, wherein the second
sinusoid 54 comprises a known phase offset 8 from the first
sinusoid 52. The resulting DC component (do2) in the sinu-
soidal disturbance of the PES as shown in FIG. 4B will be
driven to zero by the corresponding DC component (dc2) in
the control signal 48 applied to the actuator 50 as shown in
FIG. 4C (due to the integrator in the compensator 46 as
described above). Due to the known phase offset § between
the first and second sinusoids, the amplitude of the second DC
component (dc2) in the control signal 48 will be different
from the amplitude of'the first DC component (dc1) due to the
different sampling phase of the sinusoidal disturbance in the
PES (as long as the phase offset 8 between the first and second
sinusoids does not equal nx). The amplitude A of the sinusoi-
dal disturbance may then be measured based on the first and
second DC components dcl and dc2 using the following
trigonometric relationship:

Ky — kg c0sS\2
A:\/(zilcos) +(kdy P

sind

In one embodiment, the phase offset d between the first and
second sinusoids is selected to be nn/2 (where n is an odd
integer) so that the above equation for computing the ampli-
tude A of the sinusoidal disturbance reduces to the equation
shown in FIG. 5.

FIG. 6 shows a flow diagram according to an embodiment
of'the present invention wherein a third DC component (dc0)
is measured in the control signal without injecting a sinusoid
into the servo control system (block 56). After injecting the
first sinusoid into the servo control system (bock 58) and
measuring the first DC component (dcl) in the control signal
(block 60) and injecting the second sinusoid into the servo
control system (block 62) and measuring the second DC
component (dc2) in the control signal (block 64), the reso-
nance mode of the servo control system at the servo sector
sampling frequency (the amplitude of the sinusoidal distur-
bance) is measured (block 66). Accordingly, in this embodi-
ment the first and second DC components dcl and dc2 are
measured relative to a baseline DC component dcO in the
control signal.

In another embodiment of the present invention, the ampli-
tude A of the sinusoidal disturbance corresponding to the
resonance mode of the servo control system may be measured
by sweeping the phase offset d over multiple values while
evaluating the DC component in the control signal 48. When
the absolute value of the DC component reaches a maximum,
it will correspond to the magnitude A of the sinusoidal dis-
turbance of the resonance mode. That is, the phase offset d is
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adjusted until the absolute magnitude of the resulting DC
component (kdcl) in FIG. 3C reaches a maximum where the
sampling points will occur at the peak of the sinusoid. In one
embodiment, the phase offset d is adjusted in coarse incre-
ments until its derivative changes sign. The phase offset 0 is
then adjusted in fine increments around this measurement in
order to determine the phase offset § that corresponds to a
maximum in the DC component (kdc1).

Any suitable control circuitry may be employed to imple-
ment the flow diagrams in the embodiments of the present
invention, such as any suitable integrated circuit or circuits.
For example, the control circuitry may be implemented
within a read channel integrated circuit, or in a component
separate from the read channel, such as a disk controller, or
certain operations described above may be performed by a
read channel and others by a disk controller. In one embodi-
ment, the read channel and disk controller are implemented as
separate integrated circuits, and in an alternative embodiment
they are fabricated into a single integrated circuit or system on
a chip (SOC). In addition, the control circuitry may include a
suitable preamp circuit implemented as a separate integrated
circuit, integrated into the read channel or disk controller
circuit, or integrated into a SOC.

In one embodiment, the control circuitry comprises a
microprocessor executing instructions, the instructions being
operable to cause the microprocessor to perform the flow
diagrams described herein. The instructions may be stored in
any computer-readable medium. In one embodiment, they
may be stored on a non-volatile semiconductor memory
external to the microprocessor, or integrated with the micro-
processor in a SOC. In another embodiment, the instructions
are stored on the disk and read into a volatile semiconductor
memory when the disk drive is powered on. In yet another
embodiment, the control circuitry comprises suitable logic
circuitry, such as state machine circuitry.

What is claimed is:
1. A disk drive comprising:
a disk comprising a plurality of servo tracks defined by
servo sectors recorded around the circumference of the
disk at a servo sampling frequency;
a head;
an actuator operable to actuate the head over the disk; and
control circuitry comprising a servo control system oper-
able to generate a control signal applied to the actuator,
the control circuitry operable to:
inject a first sinusoid into the servo control system and
measure a first DC component decl, in the control
signal;

inject a second sinusoid into the servo control system
and measure a second DC component dc2, in the
control signal, wherein the second sinusoid comprises
a phase offset from the first sinusoid; and

measure a resonance mode of the servo control system
based on the dcl and the dc2.

2. The disk drive as recited in claim 1, wherein a frequency
of' the sinusoid substantially matches the servo sampling fre-
quency.

3. The disk drive as recited in claim 2, wherein the reso-
nance mode is measured at substantially the servo sampling
frequency.

4. The disk drive as recited in claim 2, wherein the control
circuitry is further operable to:

measure a third DC component dc0, in the control signal
without injecting a sinusoid into the servo control sys-
tem; and

measure the dc1 and the dc2 relative to the dc0.
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5. The disk drive as recited in claim 4, wherein the control
circuitry is further operable to measure the resonance mode of
the servo control system based on:

kaJ (de1)? + (de2)?

where k represents a DC gain of the servo control system.

6. The disk drive as recited in claim 1, wherein the control
circuitry is further operable to measure the resonance mode of
the servo control system based on:

kaJ (de1)? + (de2)?

where k represents a DC gain of the servo control system.
7. The disk drive as recited in claim 1, wherein the phase
offset comprises nm/2 where n is an odd integer.
8. A method of operating a disk drive, the disk drive com-
prising a disk comprising a plurality of servo tracks defined
by servo sectors recorded around the circumference of the
disk at a servo sampling frequency, and a servo control system
operable to actuate a head over the disk in response to a
control signal, the method comprising:
injecting a first sinusoid into the servo control system and
measure a first DC component dcl, in the control signal;

injecting a second sinusoid into the servo control system
and measure a second DC component dc2, in the control
signal, wherein the second sinusoid comprises a phase
offset from the first sinusoid; and

measuring a resonance mode of the servo control system

based on the dcl and the dc2.
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9. The method as recited in claim 8, wherein a frequency of
the sinusoid substantially matches the servo sampling fre-
quency.

10. The method as recited in claim 9, wherein the reso-
nance mode is measured at substantially the servo sampling
frequency.

11. The method as recited in claim 9, further comprising:

measuring a third DC component dc0, in the control signal

without injecting a sinusoid into the servo control sys-
tem; and

measuring the dc1 and the dc2 relative to the dcO.

12. The method as recited in claim 11, further comprising
measuring the resonance mode of the servo control system
based on:

kv (dcl)? + (de2)?

where k represents a DC gain of the servo control system.

13. The method as recited in claim 8, further comprising
measuring the resonance mode of the servo control system
based on:

kaJ (de1)? + (de2)?

where k represents a DC gain of the servo control system.
14. The method as recited in claim 8, wherein the phase
offset comprises nm/2 where n is an odd integer.
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